Atomically resolved, voltage-dependent scanning tunneling microscopy ͑STM͒ images of GaAs͑110͒ are compared to the results of a one-dimensional model used to calculate the amount of tip-induced band bending for a tunneling junction between a metal and a semiconductor. The voltage-dependent changes in the morphology of the atomic lattice are caused by the four surface states of the GaAs͑110͒ surface contributing in varying relative amounts to the total tunneling current. Tip-induced band bending determines which of these states contributes to the total tunneling current at a given bias voltage, and thus has a profound influence on the voltage-dependent STM-images. It is shown that certain voltage regions exist, for which none of the surface states present at the GaAs͑110͒ surface can contribute to the tunneling current. For these voltages, tunneling occurs between the tip and bulk states of the sample through a surface depletion layer several nm wide. Nevertheless, we observe atomic, surface like corrugation for these circumstances.
I. INTRODUCTION
As was shown by Ebert et al. 1 for GaAs, GaP, and InP, the apparent direction of the atomic rows on the ͕110͖ surfaces of these materials can change from the ͓Ϫ110͔ direction to the ͓001͔ direction as a function of applied bias voltage, when imaged by atomically resolved scanning tunneling microscopy ͑STM͒. The ͕110͖ surface of these semiconductors is made up of zigzag rows of alternating anions and cations extending along ͓Ϫ110͔ ͓Fig. 1͑a͔͒. It was shown that the apparent direction of the atomic rows is governed by different surface states contributing in varying relative amounts to the total tunneling current ͓see Fig. 1͑c͔͒ . These states have a different location and spatial extent within the surface unit cell. When the relative contributions of these states to the total tunneling current change, so too does the appearance of the surface in atomically resolved STM.
In the energetic range accessible to STM, the surfacedensity of states ͑DOS͒ of the ͕110͖ surfaces of GaAs, InP, and GaP is dominated by four states designated A5, A4, C3 and C4. [1] [2] [3] The energies that Ebert et al. calculate for these surface states for the relaxed, free InP ͕110͖-surface are listed in Table I. 1 These same states with similar energetic location are also found on GaAs ͕110͖. 2 The surface DOS of InP has later been described in great detail by Engels et al. 3 The A5 and A4 states are both localized on the anions and extend along ͓Ϫ110͔. The A5 state has a dangling bond character and the A4 state is a back-bond state.
1, 3 The C3 state is localized on the cations, extends along ͓001͔ 1, 3 and is an empty dangling-bond state with p z character. 3 The state commonly designated as C4 in reality consists of several empty surface resonances with different spatial extent and slightly different energetic location. 3 Close to the surface ͑2.23a 0 ϭ1.1 Å from the outwardly rotated P atoms͒, the C4 state is localized on both the cations and anions and appears as a zigzag row. Further away from the surface ͑6.53a 0 from the surface anion͒ the state shows as maxima centered on the cations extending along ͓Ϫ110͔.
1, 3 References 1 and 3 also
show that if both the C3 and C4 states contribute to the tunneling current, the C4 state will dominate in the STM image. Consequently, the atomic rows will appear to run along ͓001͔ if the contribution from the C3 state dominates the tunneling current. If any of the other states dominates, the rows will appear to run along ͓Ϫ110͔ ͑also see Fig. 1 and Table I͒ . In intermediate cases, the image will show clear atomic corrugation in both directions. It is also important to note that, although no surface state on the GaAs ͕110͖ is centered inside the bulk band gap, the shoulder of the unoccupied surface states does extend into the band gap. 3, 4 In Ref. 4 it is noted that the bottom of the ''empty cation derived surface band'' has its localization along the ͗001͘ bulk direction. It is also shown that the onset of this surface band lies well inside the bandgap. Most of the charge density associated with this band lies within the surface layer. 4 Reference 3 indicates for InP ͕110͖ that at 6.53a 0 (3.3Å) from the relaxed anions, the local DOS associated with the unoccupied surface states ͑C3 and C4͒ vanishes near the conduction-band maximum ͑CBM͒, implying that the part of the C3-state that extends into the bandgap decays rapidly into the vacuum.
For a surface state to contribute to the total tunneling current, it has to lie energetically between the tip Fermi level ͑TFL͒ and the sample Fermi level ͑SFL͒ ͓see Fig. 1͑d͔͒ . Whether a given surface state lies inside this energetic window depends not only on the applied bias voltage, but also on the amount of tip-induced band bending ͑TIBB͒. The influence of TIBB was already demonstrated qualitatively in Ref. 5 , whose authors observed local changes in corrugation around Ag nano-clusters deposited on a GaAs ͕110͖ surface. In order to understand the voltage-dependent changes in atomically resolved STM images of GaAs͕110͖, knowledge of the electronic structure of the surface and information about the amount of TIBB as a function of applied bias voltage, are both essential. Moreover, TIBB can cause tunneling to occur between the tip and bulk states of the sample through a surface depletion layer. 6 In spite of this, recent literature on voltage-dependent changes in STM images of GaAs ͕110͖ considers TIBB only in qualitative terms.
1, 3, 7 In this paper we compare voltage-dependent STM images of n-type and p-type GaAs ͕110͖ to the results of a onedimensional model that calculates the amount of TIBB as a function of bias voltage. The study involves both polarities of the bias voltage. We will show that the observed changes in the atomic corrugation are consistent with the bandbending behavior that the model predicts.
Furthermore, we observe a very interesting phenomenon: When p-type GaAs is imaged at small negative sample bias (VϭϪ0.5 V), the electrons tunnel from the valence-band states in the bulk of the sample, through a surface depletion layer to the tip. This mode of tunneling has been described in Ref. 6 , and one of its characteristics is that due to band bending, none of the four surface states is energetically available to the tunneling process. In spite of that, for these circumstances we observe atomic corrugation with the same periodicity as the surface lattice. We will show that the changes in atomic corrugation observed in the filled-state images of p-GaAs can only be explained in a manner that is consistent with the band bending model when it is assumed that the current of electrons tunneling from the bulk states to the tip is spatially modulated so as to produce an atomic like corrugation in the STM image. This mechanism for atomic corrugation does not involve electrons tunneling directly into or out of surface states, which is the common way to understand atomic corrugation in STM images of semiconductor surfaces. We hypothesize that this alternative mechanism for atomic corrugation is caused by atomic-scale variations of the tunneling barrier-height 8, 9 or by a site-dependent tipsample interaction.
II. EXPERIMENT
The STM work was performed in ultrahigh vacuum ͑OMICRON STM-1 setup operated at 4ϫ10 Ϫ11 torr͒ on in situ cleaved GaAs samples. The bias voltage is applied to the sample. Our STM setup is equipped with a ''dual mode'' feature, which enables us to apply one set of scan parameters ͑bias voltage, tunneling current, and feedback parameter͒ on the forward scan and another set of parameters on the backward one. We can thus image a given area of the sample simultaneously for two different sets of parameters. All images shown in this paper are height images ͓z(x,y)͔ that were obtained while operating the STM in a constant-current mode.
Changes in the atomic corrugation are commonly expressed as the ratio of corrugation amplitudes along the ͓Ϫ110͔ and ͓001͔ directions. 1 We deviate from that. Our ''corrugation number'' ͑CN͒ is calculated from two line profiles, which are taken along ͓Ϫ110͔ and ͓001͔, respectively, and which both pass through the atomic maxima of the image ͓f Ϫ110 (x) and f 001 (xЈ), see Fig. 2͑a͔͒ . Before we take the line profiles, we apply the usual ''tilt'' background correction to the image, followed by the ''line-by-line tilt correction'' described in Ref. 12 . We then calculate the average height along both profiles ͑H Ϫ110 and H 001 ͒. The begin and end points of the integrals (b,e,bЈ,eЈ) are always chosen at an atomic maximum in the image. Notice that using the difference in average height cancels out any possible background term. The difference in average height is divided by the corrugation amplitude along either ͓Ϫ110͔ or ͓001͔, whichever is largest ͓max(A Ϫ110 ,A 001 )͔. The resulting CN lies between Ϫ0.5 and 0.5, corresponding to a corrugation appearing as straight, parallel lines along ͓Ϫ110͔ for a CN of ϩ0.5, and to one appearing as straight, parallel lines along ͓001͔ for a CN of Ϫ0.5. A CN close to zero corresponds to a clearly resolved atomic corrugation in both directions ͓see Fig. 1͑c͒ 
͑2͒
During high-resolution STM, tip changes which alter the appearance of the atomically resolved lattice are a common occurrence. Such changes are easily recognized as a sudden and spontaneous change in apparent corrugation and tipsample separation. If during the acquisition of a series of voltage-dependent images ͑one column in Fig. 5͒ a tipchange is observed to irreversibly change the corrugation, we only compare those images that were recorded either before or after the tip change in order to ensure that only those images are compared that were recorded while the tip had the same tip DOS. Another way to verify that the changes in atomic morphology are not influenced by a change in the tip DOS during the measurement is to record a reference image at some fixed voltage at regular intervals during the measurement, or on the backward leg of the tip motion while operating the STM in a dual mode. A tip change will manifest itself as a change in the reference image. In practice, tip changes do not present much of a problem. Our tips usually yield stable and reproducible images throughout most of the intended voltage region ͑0.5 VϽVϽ2.5 V of either polarity͒. Most of the tip changes occur near the extrema of this voltage range where either the tip-sample distance becomes small or the electric field between the tip and sample becomes large. If a tip is observed to yield unstable images, it is exchanged for another one. In most cases, a tip-change causes a ͑slight͒ shift in the voltage at which the change in atomic corrugation occurs. The general trends usually remain the same.
As an aid in the interpretation of the results, we also use a one-dimensional model to describe band bending for a tunneling junction between a metal tip and a GaAs ͕110͖ surface. Apart from the addition of two bands of surface-states, the model is equivalent to the model presented in Ref. 6 . The main input parameters are the bias voltage (V), the tipsample distance (z), the tip work function (W TIP ), the sample surface electron affinity ͓ϭ4.07 eV for GaAs ͑Ref. 13͔͒, the bulk doping level (N D ,N A ), and the density and energetic distribution of the surface states. As output the model returns the total tunneling current, the amount of TIBB, and the length over which the potential profile induced by the band-bending extends into the semiconductor crystal.
Some details about the model: Based on a given bias voltage and tip-sample distance, the model constructs the potential profile as a function of the spatial coordinate z by solving the Poisson equation under the constraint that the potentialgradient ͑electric field͒ be continuous throughout the region of interest. The resulting potential profile has a trapezoidal shape in the vacuum barrier. To account for effects due to the image charge, the ͑z-dependent͒ image potential ''felt'' by an electron between two metal plates is subtracted from the calculated potential in the vacuum barrier. In our model, the image-charge lowers the potential barrier ͑dotted line in Fig.  3͒ and thus increases the calculated tunneling current, but does not affect the calculated amount of TIBB. Then the tunneling probability as a function of energy is calculated and integrated over the energy window between the tip and sample Fermi levels. The tunneling matrix element is assumed to vary as a function of energy in the same way as in Ref. 6 . The tunneling probability is calculated using the Tersoff-Hamann theory, 14, 15 thereby implicitly assuming an s-like tip state. The resulting tunneling current density is multiplied by a fictitious ''tip surface'' which we have set at 10ϫ10 Å 2 to obtain the total tunneling current. For some voltages, part of the tunneling current is generated by electrons tunneling into or out of bulk ͓bulk valence band ͑BVB͒ and bulk conduction band ͑BCB͔͒ states through a surface depletion layer. The contributions from the BVB states and sults apparent since our model includes the influence of the two surface-states bands. When these two bands are left out, the model accurately reproduces the results of Ref. 6 . Furthermore, we observe that in the limit of small absolute bias voltages, the model sometimes fails to reproduce experimentally observed I(V) points. Instead, the model indicates that no tunneling current can be measured for those parameters. Such events typically involve small tip-sample distance (z Ͻ4Å) and type-I depletion ͓see Figs. 7͑c͒ and 8͑c͔͒. We attribute this deviation to the effects of tip-sample interaction, and possibly to a collapse of the tunneling barrier. 16 When using the model, we adjust the tip-sample distance to reproduce the I(V) points of a given experiment. All other parameters are kept constant. This yields the amount of TIBB as a function of bias voltage for a constant value of the tunneling current. Although the value of the tunneling current used in the simulations is nominally equal to the tunneling current used in the corresponding experiment, we view the value for the tunneling current in the simulations as more or less arbitrary as a real tip usually does not have an s-like tip state like the model assumes. 17, 18 This whole procedure can be repeated for a different tip work function or tunneling current if the model results appear incompatible with the observed corrugation-changes. The main purpose of the model is to provide insight into the behavior of the amount of TIBB as a function of bias voltage, at constant tunneling current.
III. STM: CORRUGATION CHANGE ON n-GaAs"100…
AND p-GaAs-"110…
We now present voltage-dependent images of p-GaAs and n-GaAs͕110͖ ͑Fig. 4͒, which show clear changes in the apparent direction of the atomic rows as the bias voltage is changed. We have also expressed the changes in terms of the corrugation number ͑CN͒ defined in Sec. II ͑Fig. 6͒. On p-type material, the corrugation change is only partial: For large bias voltage of either polarity, the corrugation is in the ͓001͔ direction. At intermediate voltage, there is a mixed corrugation. This is also reflected by the CN which is close to zero at these voltages. At small voltage, the corrugation is again in the ͓001͔ direction, similar to the corrugation observed for large voltage. On n-type GaAs there is a complete change in the direction of atomic rows: For large voltage the corrugation is in the ͓001͔ direction, and for small voltage it is in the ͓Ϫ110͔ direction. We have not observed significant differences between the empty states frames obtained at small tunneling current ͑50 pA͒, and those acquired using a larger current ͑254 pA͒. When using tunneling currents in the range of 50-75 pA, we have repeatedly observed that the resolution gradually deteriorates for VϾϩ1.5 V. The reason for this is that as the bias voltage increases, so does the tip-sample distance. With that, the apparent height of the atomic corrugation decreases, until at some point, the corrugation is lost in the background noise. This problem was solved by choosing the larger tunneling current ͑254 pA͒.
A special feature of the empty-states results on n-GaAs is that we switched from one value for the applied bias voltage to the next one shortly after the start of a new frame, rather than between consecutive frames as was done for the other STM images ͓see Fig. 4͑a͔͒ By including the transition from one value of the applied bias voltage to the next, we can observe shifts in the position of the atomic maxima, should these occur. From the changes in the tip-sample distance ͓see Fig. 4͑b͔͒ , we can calculate the quantity ͉dz/dV͉. We will show later in this paper that the value of ͉dz/dV͉ can change dramatically as a function of applied bias voltage, and that from these changes conclusions may be drawn about the amount of TIBB as a function of applied bias voltage.
IV. MODEL RESULTS: DIFFERENT SCENARIOS OF BAND BENDING
Tip-induced band bending ͑TIBB͒ is the main factor that determines which of the surface states contributes to the tunneling current at a given bias voltage, and thereby determines the appearance of the atomic corrugation. For this reason we have used our model to calculate the amount of TIBB, given the bias voltages that we applied in our experiments. We have chosen the tip-sample distances in such a way that the total tunneling current calculated by the model equals the currents used in ͑most of͒ our measurements. In our discussions, we use an absolute scale for the applied bias voltage (Ϫ2 VϾϪ1 V).
The commonly used value of the ͑average͒ work function of polycrystalline tungsten is 4.5 eV. 19 However, the different crystal facets of tungsten are known to posess different work functions, varying between 4.3 eV ͕116͖ ͑Refs. 19 and 20͒ and 5.22 eV ͕110͖. 20 The fabrication process of commercially available polycrystalline tungsten wire can induce a preferential orientation along ͗110͘, as a result of the plastic deformations that the wire undergoes while it is thinned down to the right diameter. 11, 21, 22 This could be a cause for a higher work function than the value used in the model. 11 On the other hand, a contamination near the apex of the tip could well lower the work function. Also, a rough morphology of the surface is known to decrease the work function, 19, 23 suggesting that for a tip apex, the work function is inherently reduced. As a working hypothesis, we assume that the work function of our tips usually lies between 4.0 and 4.6 eV ͑see also Ref. 24͒.
In Figs. 7 and 8 we show the calculated amount of TIBB for several tip work functions ͑4.45 and 4.6 eV for p-GaAs, and 4.3 and 4.6 eV for n-GaAs͒. Other parameters, such as the tip-sample distance ͑chosen tunneling current͒ and the doping concentration also have an influence. However, in the simulations, the influence of the tip work function is much stronger than the influence of the chosen value for the tunneling current. We do not vary the doping concentration in our simulations since the doping concentration of a given sample is usually known in an experiment. 10 The quantity plotted in Figs. 7 and 8 is the amount of FIG. 6 . ͑a͒ Corrugation number ͑CN͒ for p-GaAs. Each point represents one STM frame. The arrows are a schematic representation of the voltage intervals over which we expect contributions from the various surface states. The corrugation direction associated with the state is indicated between parentheses. See further details in Sec. V. ͑b͒ CN for n-GaAs. The dotted line which is drawn to show the contribution of the C4 state ͑empty states͒ signifies that at these voltages, we expect the contribution to be from the lowenergy shoulder of the C4 state ͑see further details in Sec. V͒. 9 . ͑a͒ Calculated TIBB for n-GaAs, empty states ͑see also Fig. 8͒ . For all graphs shown in this figure, the sample voltage is plotted on the horizontal axis ͓see ͑c͒ and ͑f͔͒. ͑b͒ Tip-sample distance as function of bias voltage z(V). The onset of contributions from the surface states inside the conduction band and the onset of inversion manifest themselves as small discontinuities in the z(V) curves. ͑c͒ Comparison between the experimental and calculated dz/dV. For VϽ0.5 V, the sharp decrease in ͉dz/dV͉ indicates the transition from type-I depletion to type-II depletion. The left and right ends of the horizontal error-bars correspond to the two voltages between which we switched during the transition. The points are centered on the mean value of the two voltages. The length of the vertical error-bars has been estimated from the noise in the raw STM images. Small peaks appear in the calculated ͉dz/dV͉ curves to the small discontinuities in the z(V) curve mentioned in ͑b͒. ͑d͒ Calculated TIBB for n-GaAs, empty states. Iϭ50 pA ͑see also Fig. 7͒ . ͑e͒ Tip-sample distance as function of bias voltage z(V). ͑f͒ Comparison between the experimental and calculated dz/dV. For VϽ0.5 V, the sharp increase in ͉dz/dV͉ indicates the transition from type-I depletion to type-II depletion. The error-bars were estimated in the same way as in ͑c͒.
TIBB relative to the SFL ͑solid symbols͒. For p-GaAs, the amount of TIBB equals the energetic position of the surface-VBM and for n-GaAs it equals that of the surface CBM ͑see Fig. 3͒ . The surface CBM for p-GaAs and the surface VBM for n-GaAs have also been indicated ͑open symbols͒. We assume that the energetic positions of the surface states remain constant relative to the surface VBM and surface CBM. Consequently, the energetic location of the four surface states is assumed to vary with the applied bias voltage in the same way as the amount of TIBB itself, except for an offset. The band bending plots shown in Figs. 7 and 8 should thus be read in the following way: The part of the surface DOS that falls within the sharp triangle formed between the lines denoting the SFL and TFL lies between the TFL and SFL, and is thus energetically available to the tunneling process. The horizontal arrows indicate the voltage interval over which the electronic states can contribute to the total tunneling current.
p-GaAs
For p-GaAs, we identify six different situations, which we label ͑1͒ type-II inversion, ͑2͒ type-I inversion, ͑3͒ type-I depletion, ͑4͒ dead region, ͑5͒ type-I accumulation, and ͑6͒ type-II accumulation. The potential profiles of each of these different situations have been sketched in Fig. 7͑c͒ . The significant difference between type-I and II inversion is that in the latter case the ͑absolute͒ bias voltage exceeds the amount of TIBB. This allows the valence-band surface states ͑A4 and A5͒ to contribute to the total tunneling current. A similar distinction is made between type-I and II accumulation and depletion.
Several observations can be made from Fig. 7 : The first is that for positive sample bias ͑accumulation͒, the amount of TIBB remains relatively constant. At negative sample bias, the amount of TIBB is sensitive to the applied bias voltage in the depletion regime and levels off in the inversion regime. Notice that at small negative voltage, there is a voltageinterval for which only the BVB states contribute to the tunneling current. Notice also that the A5 and C3 states can contribute to the tunneling current at both polarities of the applied sample voltage. This is a direct consequence of TIBB, which can cause these states to be occupied at some voltages and unoccupied at other voltages.
Furthermore, Fig. 7͑b͒ shows that the amount of TIBB can vary nonmonotonically as a function of bias voltage. This is caused by the fact that we maintain a constant value for the tunneling current by adjusting the tip-sample distance in the simulations. At small absolute values of the applied bias voltage, a small change in the bias voltage can cause a relatively large change in the ͑simulated͒ tip-sample distance. Where the gradient d(TIBB)/dV is negative ͓in Fig.  7͑b͒ , Ϫ0.9 VϽV bias ϽϪ0.8 V͔, the change in the potential gradient between the tip and sample is dominated by the change in the tip-sample distance rather than the change in the applied bias voltage itself. Another point can be seen by comparing Figs. 7͑a͒ and 7͑b͒: A small change in the tip work function can shift the voltage at which the transitions between the different band-bending regimes occur. Consequently, the voltage interval for which any given electronic state can contribute to the tunneling current will depend on the work function of the tip.
Finally, it should be noted that the fraction of the total tunneling current originating from the C3 state varies nonmonotonically as a function of bias voltage, with a maximum occurring at some voltage for which the surface is in inversion. This maximum is caused by the changing slope d(TIBB)/dV seen at negative voltage in band bending plots like Figs. 7͑a͒ and 7͑b͒. We can see that the maximum must occur in the following way: When the surface is in type-I inversion, the total tunneling current consists of a portion from the BVB states and one from the C3 state. Near the onset of depletion ͓at VϭϪ1.2 V in Fig. 7͑a͔͒ , a decrease in the ͑absolute͒ bias voltage will decrease the absolute value of TIBB. This, in turn, causes the tunneling current originating from the C3 state to decrease as a larger and larger portion of the C3 state rises above the SFL where it does not contribute to the tunneling current. The complementary fraction of the tunneling current originating from the BVB states must then increase, as all images are acquired at the same ͑set point for the͒ tunneling current. At larger absolute bias where the amount of TIBB levels off ͓in Fig. 7͑a͒ for VϽ Ϫ2 V͔, increasing the absolute bias voltage will increase the part of the BVB states and the A5 state that is available to the tunneling current, whereas the part of the C3 state that is available for tunneling remains more or less constant. This also decreases the fraction of the C3 state in the total tunneling current. If the fraction of the C3 state decreases with decreasing absolute bias voltage at small absolute bias voltage, and also decreases with increasing absolute bias at larger absolute bias voltage, it must have a maximum somewhere between.
n-GaAs
For n-GaAs, some of the observations to be made are analogous to the ones made for p-GaAs: Negative sample voltage involves accumulation whereas depletion and inversion occur at positive sample bias. Also for n-GaAs, the amount of TIBB is most sensitive to the applied bias voltage in the depletion regime. Notice that at small positive voltage ͑type-I depletion͒, there is a voltage interval for which the electrons can only tunnel into the bulk conduction band ͑BCB͒ states. Furthermore, the influence of the tip work function manifests itself quite clearly in the differences between Figs 8͑a͒ and 8͑b͒.
The fact that the band bending behavior in general depends on the tip work function means that finding a meaningful comparison between the simulations and the experiment is not trivial. We can base our interpretation of the experimental results on p-GaAs on the images themselves without having to make explicit assumptions about the tip work function, as will be shown in Sec. V. However, the corrugation change in the empty states ͑positive sample voltage͒ results on n-GaAs is caused by a shifting balance between the contributions of the energetically adjacent C3 and C4 surface states. The voltage at which the contributions from both states are equally balanced, and thus the voltage for which the corrugation change is observed, critically depends on the work function of the tip used in the experiment.
We can estimate the value for the tip work function to within 0.05 eV from the voltage-dependent changes in the tip-sample distance that we have measured for the empty states results on n-GaAs ͑see Figs. 4 and 9͒. When calculating the amount of TIBB, the tip-sample distance has to be adjusted for each data point in order to maintain a constant value for the tunneling current. As a result, the calculations also produce a theoretical z(V) curve. Since the absolute tip-sample distance is unknown in a STM experiment, we calculate a theoretical value for ͉dz/dV͉ by differentiating the adjacent z(V) points. What is apparent from comparing Figs. 9͑a͒-9͑f͒ is that the tip-sample distance becomes more sensitive to changes in the applied bias voltage at low voltage, where type-I depletion sets in. This manifests itself in a marked increase of ͉dz/dV͉ at the onset of type-I depletion. That same increase at low voltage is also observed in the experimental values of ͉dz/dV͉ ͓Figs. 9͑c͒ and 9͑f͔͒. This indicates that the transition between type-I depletion and type-II depletion occurred for Vϳϩ0.5 V for both the series of images taken at Iϭ254 pA ͑fourth column in Fig. 5͒ and the series taken at Iϭ50 pA ͑fifth column in Fig. 5͒ . Notice that for both series of images, the band bending behavior involved a large voltage interval of type II depletion.
It may seem problematic to obtain a meaningful comparison between the experimental and theoretical z(V) points for a given measurement. Notice, however, that many of the unknown parameters in the model ͑such as the tip state͒ are constant throughout the range of applied bias voltages. Thus a theoretical z(V) curve should at least be proportional to its experimental counterpart, so that voltage-dependent changes in z(V) can still be interpreted meaningfully. Besides, the agreement between the experimental ͉dz/dV͉ points and the theoretical ͉dz/dV͉ curve indicates that the accuracy of the model is quite reasonable.
A final point to note is that for both p-GaAs and n-GaAs there are voltage regimes for which ͑most͒ of the tunneling current is associated with bulk states, rather than surface states. Feenstra and Stroscio reported that at these voltages, they were not able to obtain meaningful topographic STM results on GaAs (Iϭ0.1 nA). 6 In Sec. III we presented voltage-dependent STM-images of clean n-GaAs and p-GaAs. In Sec. V, we will show that for some of these images, the surface was in type-I depletion with only bulk states contributing to the tunneling current. In spite of that, the images taken at these voltages show a clear atomic corrugation, which in its appearance is not significantly different from the corrugation associated with surface states.
V. DISCUSSION
In this discussion, several questions will be addressed: First we will compare the STM images with the model results concerning TIBB in order to interprete the voltagedependent changes in atomic corrugation that we have observed. The empty-state results on p-GaAs ͑Sec. V A͒ and the filled-states results on n-GaAs ͑Sec. V B͒ are treated first, since these cases involve accumulation and are thus very simple to interpret. Then we will discuss the empty-state results on n-GaAs ͑Sec. V C͒ and the filled-state results on p-GaAs ͑Sec. V D͒. In Sec. V D it will be shown that for small, negative sample voltage, the surface of p-GaAs is in type-I depletion and the tunneling current originates from the valence-band states in the bulk of the sample ͑BVB states͒. For these voltages, atomic corrugation is observed, and Sec. V E theorizes on possible alternative mechanisms for atomic corrugation that might underlie this effect.
A. p-GaAs, empty states
The empty-states results of p-GaAs ͓Figs. 5 and 6͑a͔͒ show that the atomic corrugation is in the ͓001͔ direction at the extrema of the range of applied voltages ͑Vϭϩ2.5 and 1.5 V͒, whereas the corrugation is clearly resolved in both directions for intermediate voltage (Vϭϩ1.8 V) . At V ϭϩ1.5 V, tunneling occurs mainly into the A5 state which has become depopulated by the upward band bending ͑see Fig. 7͒ . This causes a corrugation in the ͓001͔ direction. When the bias voltage is increased, the C3 state starts to contribute as well, which is reflected by the reduced CN. When the bias voltage is increased further, the C4 state starts to contribute as well, and the corrugation changes back again. Notice that at Vϭϩ1.8 V, the combined contributions from the C3 and A5 states reduce the CN down to zero ͑i.e., there is a partial change in corrugation͒. This is in contrast to what is observed for n-GaAs where the direction of the corrugation changes monotonically from ͓001͔ to ͓Ϫ110͔.
B. n-GaAs, filled states
The filled states results on n-GaAs ͓Figs. 5 and 6͑b͔͒ show that for high voltage, the corrugation is in the ͓001͔ direction. Between VϭϪ1.8 and Ϫ1.1 V, the corrugation changes from the ͓001͔ direction to the ͓Ϫ110͔ direction. As is evident from Fig. 8 , the C3 state is populated due to downward band bending at all negative voltages, and thus contributes to the tunneling current at all negative voltages as well. However, between VϭϪ3 and Ϫ1.8 V the contribution from the A5 state dominates the tunneling current and the corrugation is in the ͓001͔ direction. Only at a small negative voltage where the C3 state is the main contributor to the tunneling current is the corrugation in the ͓Ϫ110͔ direction.
C. n-GaAs, empty states
The empty-state images of n-GaAs show a gradual corrugation change as is shown in Figs. 5 and 6͑b͒. In the recorded transitions between the applied voltages we have not observed any shifts in the atomic rows ͓see Figs. 10͑a͒ and 10͑b͒ for an example of such a shift͔. This indicates that the atomic maxima represent the top row Ga atoms for all positive bias voltages. Consequently, we can attribute the corrugation-change in the empty-state images of n-GaAs to a shifting balance between the competing contributions of the C3 and C4 states.
The point at which the CN changes sign lies near V ϭϩ0.9 V for both measurements ͑i.e., Iϭ50 and 254 pA͒. According to the model calculations the TFL lies between 0 and 0.2 eV above the surface CBM for that voltage. The model thus indicates that the TFL lies below the nominal energetic positions of both the C3 and C4 states 3 when the actual corrugation change occurs, instead of between the nominal energetic positions of these two states which one might intuitively expect. Given the agreement between the calculated and experimental values for ͉dz/dV͉, ͑see Fig. 9͒ we are convinced that the model calculations describe the band bending behavior correctly, at least in qualitative terms. Moreover, the slow rise of the TFL with respect to the surface CBM predicted in the model is also consistent with the experimental observation that the corrugation changes quite gradually as a function of applied bias voltage. We offer the following hypothesis as a possible explanation for this result: From the calculated surface DOS on InP ͕110͖ ͑see Fig. 1 in Ref. 1͒, the C3 state appears as a small peak superimposed on some background. If the low energy shoulder of the C4 state forms a background on which the DOS associated with the C3 state is superimposed, the C4 state might influence the corrugation even when tunneling occurs at energies below the nominal energetic position of the lower-lying C3 state.
Notice that according to Figs. 8 and 9 , the sample surface was in type-I depletion for VϽ0.5 V. This band bending situation involves electrons tunneling from the tip into the bulk states of the conduction band through a surface depletion layer. At the same time, we observe for these voltages a corrugation with the atomic rows running along ͓001͔. We attribute this corrugation to the low-energy shoulder of the C3 state, which is reported to extend into the band gap. 
D. p-GaAs, filled states
The filled-state results obtained on p-GaAs shown in Figs. 5 and 6 show that at large negative voltage, the atomic corrugation is in the ͓001͔ direction. A mixed corrugation appears at intermediate voltage (VϭϪ0.9 V), and at low voltage (VϭϪ0.5 V) the corrugation is again in the ͓001͔ direction. As we lack experimental dz/dV data for the results on p-GaAs, we have to base our analysis entirely on the corrugation direction observed in the images. The observed changes in atomic corrugation can be explained in a very straightforward manner if one accepts the following hypothesis: the contribution of the BVB states is spatially modulated so as to produce an atomic-like corrugation in the ͓001͔ direction ͑see Fig. 5 : p-GaAs, VϭϪ0.499 V͒.
Let us start by considering the minimum in the CN that occurs for VϭϪ0.9 V. This partial change in corrugation indicates that the C3 state is populated and contributes to the total tunneling current, since the C3 state is the only surface state that causes an atomic corrugation in the ͓Ϫ110͔ direction. On p-GaAs, the C3 state can only become populated when the surface is in inversion. At the same time, it is clear from the fact that a mixed corrugation is observed that there must be a second contribution from an other state which causes a corrugation in the ͓001͔ direction. Together, the two contributions cause a mixed corrugation to appear in the image. At first sight the logical interpretation would be that the mixed corrugation is caused by the combined contributions of the A5 state and the C3 state, assuming that the latter has become populated by inversion.
However, it becomes clear that this interpretation must be wrong when the voltage at which the mixed corrugation occurs, is considered: If the C3 state is to contribute to the filled-states tunneling current, it must lie energetically below the sample Fermi level ͑SFL͒. The fact that the C3 state lies energetically near the SFL implies that the A5 and A4 states must lie well below the tip Fermi level ͑TFL͒ and thus cannot contribute to the total tunneling current. The reason for this is that the bias voltage at which the mixed corrugation occurs (VϭϪ0.9 V), is less than the energetic separation of the A5 and C3 states, which lie on either side of the band gap (E g ϭ1.42 eV). 13 Thus the surface must be in type-I inversion. From Fig. 7 we now identify the BVB states as the origin of the second contribution to the total tunneling current at VϭϪ0.9 V. In order to explain the fact that we observe a mixed corrugation at this voltage, we have to assume that the contribution from the BVB states is associated with an atomic-like corrugation in the ͓001͔ direction.
When the voltage increases from VϭϪ0.9 to Ϫ1.4 V, the increase in the CN ͓see Figs. 5 and 6͑a͔͒ is attributed to an increased relative contribution of the BVB states: As the negative voltage increases, the contribution from the BVB states increases whereas the contribution from the C3 state remains more or less constant. This is caused by the amount of TIBB leveling off at the onset of inversion ͑see Fig. 7͒ . We can exclude any contribution from the A5 state for this voltage region because the absolute value of the bias voltage remains less than 1.4 V. When the voltage is decreased from VϭϪ0.9 to Ϫ0.5 V, the CN rises as well ͓see Fig. 6͑a͔͒ . We attribute this rise in CN to an increased relative influence from the BVB states: Figure 7 shows that as the voltage decreases from VϭϪ0.9 to Ϫ0.5 V, the contribution from the C3 state vanishes and the one from the BVB states remains. We ignore the non-monotonous behavior shown in Fig. 7͑b͒ for the moment as we do not observe any signs of such nonmonotonic band bending in our STM images ͑Figs. 5 and 6͒. The change in corrugation could in principle also be explained from an increased contribution from the A5 state, although a contribution of the A5 state at VϭϪ0.5 V would imply a band bending behavior that is inconsistent with our band bending model.
There are a few additional remarks to be made. First of all, we neglect any possible involvement of the low-energy tail 4 of the C3 state ͑see Sec. I͒, for two reasons. From Ref. 3 it is clear that the energetic part of the surface DOS associated with the tail decays very rapidly into the vacuum. At a simulated tip-sample distance of 3.3Å, it does not significantly contribute to the local surface DOS. 3 From our model results, we do not expect the tip-sample separation to become less than about 4Å, therefore, we do not think this part of the surface DOS contributes significantly to the tunneling current at the tip-sample separations typical for our experiments. The second reason is that the fraction of the tunneling current originating from the C3 state evidently maximizes around VϭϪ0.9 V, indicating that for this voltage the surface must be in inversion ͑see Sec. IV͒.
A very compelling argument in support of our theory is that we have based our interpretation on a band bending behavior that is consistent with the results presented by Feenstra and Stroscio. 6 In that paper, the authors compare experimental I(V) spectra of GaAs ͑110͒ with model calculations. The model very specifically considers the effects of electrons tunneling into or out of bulk states through a surface depletion layer caused by TIBB. The authors find that the experimental results can only be reproduced by the model if the current generated by electrons tunneling through a surface depletion layer into or out of bulk states, is included. It is thus clear that it is very well possible to obtain a measurable tunneling current from electrons tunneling out of bulk states through a surface depletion zone. In fact, the phenomenon seems a very common occurrence from Ref. 6 . When this band bending behavior is combined with the assumption that a contribution from the BVB states is somehow associated with atomic-like corrugation in the ͓001͔ direction, the explanation of our own experimental results follows in a very straightforward and natural way.
The last remark is that we cannot find a reasonable explanation for our experimental results under the assumption that atomic corrugation can only be caused by electrons tunneling directly into or out of surface states. The mixed corrugation occurring at VϭϪ0.9 V cannot be caused by a combined contribution from the A5 ͑or A4͒ state and the C3 state, as these states lie energetically too far apart. That would leave the C4 state as the remaining state that might cause a corrugation in the ͓001͔ direction. In our model we find that it is possible to populate the conduction band by inversion to up to about 0.2 eV. It is unclear to us whether that is sufficient to expect a corrugation in the ͓001͔ direction from the C4 state, but in view of our empty-state results on n-GaAs we will assume for the moment that it is. However, we cannot find a set of parameters that gives a voltage-dependent behavior of TIBB that would be consistent with the observed corrugation changes. Most importantly, the model indicates that there must be a voltage region for which the C3-state dominates the tunneling current. This would cause a corrugation in the ͓Ϫ110͔ direction ͑a CN less than 0͒, which is clearly not observed for p-GaAs.
E. Atomic corrugation while tunneling out of bulk states
In Sec. V D we concluded that the contribution from the BVB states has to be associated with an atomic corrugation in the ͓001͔ direction. In this subsection, we will reflect on possible mechanisms for such corrugation. It is in any case clear that the corrugation observed in the type-I depletion regime must be associated with the surface of the crystal. At the surface, there is a clear distinction between the top row As sites and the bottom row As sites ͓Fig. 1͑b͔͒. Inside the crystal, the As atoms located on a ͓110͔ axis below a top row As surface atom are equivalent to the As located below a bottom row As surface atom. If the inside of the crystal ͑more specifically, the spatial distribution of the valence band charge in the bulk͒ could be imaged by electrons tunneling through the depletion layer, this would manifest itself as a doubling of the periodicity in the observed lattice. In Fig. 5 no such doubling of the periodicity is observed.
One possible mechanism is that the corrugation is caused by atomic-scale variations of the tunneling barrier-height. Such variations have been observed experimentally for different reconstructions of the Si͑111͒ surface and for the 2 ϫn reconstruction of Si͑001͒. 8, 9 Another possibility is that the atomic corrugation associated with the tunneling current from the BVB states is the result of a site-dependent tipsample interaction. When the tip shank relaxes under the varying tip-sample interaction, this might cause the tip apex to move alternatingly toward or away from the sample sur-face as the tip is scanned. The resulting modulation in the tunneling current ͑or in the measured tip height for constant current STM͒ would then reflect the local variations of the tip-sample interaction itself. Our band bending model indicates tip-sample distances of ͑4 -7͒ Å during tunneling while the surface is in type-I depletion. In this regime of tip-sample distance, the tip-sample interaction is dominated by the resonance interaction, 15 which is attractive and site dependent. Unlike the tunneling current, which exists between two spatially overlapping states that have the same energy, the attractive force caused by the resonance interaction also exists between two spatially overlapping states of different energies. 15, 25 Notice that the expected range of tip-sample distances ͓͑4 -7͒ Å͔ is outside the region of chemical bond formation in the way described by Ke et al. 26 The GaAs ͕110͖ surface has dangling-bond states associated with both the As atoms and the Ga atoms; therefore one might intuitively suspect that an image based on the local variations of the tip-sample interaction would show both atom-species at the same time. However, recent scanning force microscopy images of n-type InAs ͕110͖ presented by Schwarz et al. show only the As sublattice, 27 so the assumption of a corrugation mechanism in STM based on the tip-sample interaction forces that only shows one of the atom species ͑probably As͒, seems quite reasonable.
Obviously the above considerations are not conclusive. However, it is in any case clear that experimental circumstances exist for which the electrons making up the tunneling current cannot tunnel directly into or out of surface states. In spite of that, atomic, surfacelike corrugation is observed for these circumstances. Apparently there are alternative mechanisms for atomic corrugation in STM images of GaAs ͕110͖ that manifest themselves under the appropriate experimental conditions. Therefore, the common view of atomic resolution in STM images of semiconductor surfaces, that involves electrons tunneling directly into or out of surface states, can no longer be regarded as complete.
VI. SOME OTHER EXAMPLES OF CORRUGATION CHANGE ON GaAs"110…
Over the course of our experiments, some of which are not directly related to the work presented in this paper, we have observed corrugation changes many times. In this section, we show three illustrative examples.
The first example shows the transition from filled states imaging to empty states imaging on an n-GaAs substrate. For this measurement, we operated the STM in a ''dual mode.'' The scanning voltages are shown in Figs. 10͑a͒ and 10͑b͒. As the frame was recorded, we changed the scanning parameters for the backward frame from Vϭϩ1.018 V, 54 pA to VϭϪ1.930 V, 83 pA. Consequently, the bottom part of Fig. 10͑b͒ shows the lateral distribution of C4 state whereas the top part of Fig. 10͑b͒ shows the A5 state. Notice the lateral shift in the position of the atomic maxima. The parameters for the forward scan remained unchanged. The forward scan, which remains unchanged, shows that the tip DOS remained the same during the voltage change in the backward scan.
The second example that we show is the corrugation change around a p-n junction. This junction was formed by a Be ␦ layer (1ϫ10 13 cm Ϫ2 ) and an n-doped cap layer ͑Si : 4ϫ10 18 cm Ϫ3 ) that was grown on top of it. The ␦ layer was overgrown by 27 nm of nonintentionally doped GaAs and then by n-type GaAs. Somewhere between the Be ␦ layer and the cap layer, a p-n junction formed which we recognized in our image from the depletion zone that is associated with such a junction ͓Fig. 10͑c͔͒. The bright spot near the depletion zone is a Si dopant. The image was obtained at V ϭϪ1.698 V, 85 pA. The n-GaAs portion of the image shows rows running along ͓001͔ whereas the p-GaAs portion shows rows running along ͓Ϫ110͔. Due to the downward band bending, the n-GaAs portion of the surface is in accumulation. This populates the C3 state and causes the atomic rows to run along ͓001͔. For the p-type portion of the surface, we expect contributions from the BVB states and the A5 state, causing the atomic rows to run along ͓Ϫ110͔. Finally, we show the local corrugation change associated with subsurface Si dopants 28 ͓Fig. 10͑e͔͒. The image shows part of a Si ␦-doped layer (1ϫ10 13 cm Ϫ2 ) in GaAs. The applied bias voltage was VϭϪ1.93 V, and the tunneling current was 96 pA. For these conditions, the donor atoms are neutral since the surface is in accumulation. However, within the Bohr radius of the bound electron, the positive charge of the Si impurity is no longer screened completely. This positive charge will locally decrease the potential for electrons, resulting in a local increase of the downward band bending. That increases the contribution from the C3 state relative to the ones from the BVB states and the A5 state, which manifests itself as a change in corrugation near the dopant atoms.
VII. SUMMARY AND CONCLUSIONS
In this paper, we have analyzed voltage-dependent images of the GaAs͕110͖ surface while considering calculated values for tip-induced band bending obtained from a onedimensional model. For the empty-state results on n-GaAs we have validated the model by comparing measured and theoretical values for ͉dz/dV͉ as a function of applied bias voltage. Furthermore, for both p-GaAs and n-GaAs a voltage regime exists for which none of surface states can contribute to the tunneling current ͑type-I depletion͒. In spite of that, atomic, surfacelike corrugation is observed in this voltage regime, both on p-GaAs and on n-GaAs. The mechanisms underlying this corrugations are as yet unclear. In the case of n-GaAs, we attribute the observed corrugation to the influence of the low-energy shoulder of the C3 state, which is known to extend into the band gap. In any case, the corrugation observed for the type-I depletion regime cannot be explained by electrons tunneling directly into or out of surface states, which is the common way to understand atomic resolution on semiconductor surfaces. This work shows that there must be alternative mechanisms for atomic corrugation in STM images that manifest themselves under certain experimental conditions. Understanding the mechanisms by which atomic corrugation might occur in the band bending regime of type-I depletion is a clear challenge and an exiting prospect for future research.
